Activating transcription factor 5 (ATF5) is a member of the ATF/cAMP response element-binding protein family of transcription factors. ATF5 regulates stress responses and cell survival, proliferation, and differentiation and also plays a role in viral infections, cancer, diabetes, schizophrenia, and the olfactory system. Moreover, it was found to also have a critical cell cycle-dependent structural function at the centrosome. However, the mechanism that controls the localization of ATF5 at the centrosome is unclear. Here we report that ATF5 is small ubiquitin-like modifier (SUMO) 2/3-modified at a conserved SUMO-targeting consensus site in various types of mammalian cells. We found that SUMOylation of ATF5 is elevated in the G 1 phase of the cell cycle and diminished in the G 2 /M phase. ATF5 SUMOylation disrupted the interaction of ATF5 with several centrosomal proteins and dislodged ATF5 from the centrosome at the end of the M phase. Of note, blockade of ATF5 SUMOylation deregulated the centrosome cycle, impeded ATF5 translocation from the centrosome, and caused genomic instability and G 2 /M arrest in HeLa cells. Our results indicate that ATF5 SUMOylation is an essential mechanism that regulates ATF5 localization and function at the centrosome.
ATF5 5 is a member of the ATF/cAMP response elementbinding protein family of transcription factors that is implicated in diverse cellular functions and diseases. It regulates the cell stress response and cell survival, proliferation, and differentiation. It also plays a role in the process of viral infection and in the development of cancer, diabetes, schizophrenia, and the olfactory system (1, 2) . ATF5 displays a dual nuclear and centrosomal localization with roles that are consistent with its biological function. In the nucleus, ATF5 acts as a transcription factor that can either stimulate or repress the transcription of genes, such as stimulating Bcl-2 (3-5), Mcl-1 (6, 7), Egr-1 (8, 9) , and IE86 (10) and repressing cAMP response element-binding protein (11) . In the centrosome, ATF5 serves as a structural protein that controls the cell cycle-and centriole age-dependent centriole-PCM interaction and maintains centrosome integrity (12) .
Posttranslational modification of proteins by SUMO regulates essential cellular processes, including transcription and the cell stress response, and plays important roles in cancer, neurological diseases, and aging (13) (14) (15) (16) (17) . SUMOylation regulates these distinct processes via modulation of specific protein-protein interactions (18) . In vertebrates, three SUMO isoforms are expressed. SUMO1 shares 43% identity with SUMO2 and SUMO3, whereas the latter two are closely related (sharing 97% identity) and are often collectively referred to as SUMO2/3. Paralog-specific modification has been reported for various substrates (19) . SUMO proteins are covalently attached to their targets via an isopeptide bond with the ⑀ amino group of a lysine residue. The conjugation process involves an enzymatic cascade comprising the E1-activating enzyme Aos1 (also known as Uba2 and Sae1), the E2-conjugating enzyme Ubc9, and additional E3 ligases, including protein inhibitor of activated STAT (PIAS) family members, Ran-binding protein 2 (RanBP2), and human polycomb protein 2 (hPC2, also known as PC2 and CBX4) (20) . De-SUMOylation is mediated by the action of SUMO-specific isopeptidases that belong to the family of ubiquitin-like proteases (Ulps, also known as sentrin-specific proteases (SENPs)). De-SUMOylation often targets specific proteins and takes place at specific locations in cells (21, 22) . Notably, in most cases, only a small fraction of a given target protein is SUMOylated, making it difficult to identify novel SUMO substrates and elucidate the functional consequences of the modification (18) .
In this study, we show that ATF5 is a substrate of SUMOylation in various mammalian cell types and that it is preferentially modified by SUMO2/3. We found that ATF5 SUMOyla-tion, which appears to take place in the centrosome and at the end of the M phase of the cell cycle, disrupts ATF5 interaction with a number of centrosomal proteins and causes its downregulation at the centrosome. Interruption of ATF5 SUMOylation results in centrosomal defects and genomic instability, impeding cell cycle progression.
Results

ATF5 is SUMO2/3-modified in various types of mammalian cells
MS analysis of tandem affinity-purified FLAG-HA-ATF5 immunoprecipitates prepared from HEK293 and C6 glioma cells (12) revealed that fragments of ATF5 are associated with SUMOs (data not shown), raising the possibility that ATF5 is SUMOylated in those cells. To determine whether ATF5 is SUMOylated in HeLa cells, we prepared ATF5 immunoprecipitates and performed immunoblot analysis using a pan-SUMO antibody. Multiple protein bands, including one that migrated at 55 kDa and corresponded to mono-SUMOylated ATF5, were observed on the Western blot, indicating that ATF5 is indeed SUMOylated in HeLa cells (Fig. 1A) . In reverse immunoprecipitation analysis, immunoblotting of SUMO immunoprecipitates with an anti-ATF5 antibody also showed ATF5 species of high molecular weight corresponding to mono-and poly-SUMOylated ATF5 (Fig. 1B) . Similar immunoprecipitation and Western blot analyses using additional cell lines, including the breast cancer cell line MCF-7, the hepatocellular carcinoma cell line HepG2, the human lung fibroblast line IMR-90, and monkey kidney fibroblastlike COS-7 cells, all indicated the presence of SUMOylated ATF5 in the cells (Fig. 1C and data not shown). Thus, we conclude that ATF5 is SUMOylated in a variety of mammalian cells.
To determine which SUMO species target ATF5, we co-transfected into HeLa cells GFP-ATF5 with DNA vectors empty or expressing HA-SUMO1, HA-SUMO2, and HA-SUMO3, respec- SUMOylation controls ATF5 function at the centrosome tively, and performed immunoblot analysis on GFP immunoprecipitates using an HA antibody. As shown in Fig. 1D , SUMO1 is only marginally detectable in GFP immunoprecipitates, whereas SUMO2 and 3 are readily detected in the GFP immunoprecipitates. These results suggest that ATF5 is preferentially modified by SUMO2/3. In support of this conclusion, knockdown of SUMO2/3 in HeLa cells blocked ATF5 SUMOylation (Fig. 1E ).
Lys 106 /Lys 107 is the specific SUMO acceptor lysine on ATF5
Analysis of the protein amino acid sequences of ATF5 from human, rat, mouse, and frog identified a conserved sequence (LK 106 KE in human, rat, and mouse ATF5 and LK 95 KE in frog; Fig. 2A ) that matches the SUMOylation consensus motif ⌿KXE (23). To determine whether the LKKE site is involved in ATF5 SUMOylation, we first tested the ability of several ATF5 truncation mutants (12, 24) , including ATF5(148 -281), ATF5(1-100), ATF5(101-207), and ATF5(208 -281), to be SUMOylated by SUMO3. As shown in Fig. 2 , B and C, unlike the robust SUMOylation of the full-length ATF5, none of the ATF5 frag-ments was able to be SUMOylated effectively by SUMO3. As ATF5(100 -207) is diffusely distributed in the cell and excluded from the centrosome (data not shown), and ATF5(148 -281) is centrosome-bound as the full-length ATF5 (12) but does not contain the SUMOylation consensus site LKXE, our results seem to suggest that both the SUMOylation consensus site on ATF5 and the localization of ATF5 at the centrosome are required for ATF5 SUMOylation. Indeed, SUMOylation analysis using a number of ATF5 lysine mutants, including K29R, K106R/K107R, ⌬K212/213, and K106R/K107R;⌬K212/213, confirmed that Lys-to-Arg mutation at 106/107 effectively abolished the overall SUMOylation level of the full-length ATF5 (Fig. 2D ). Taken together, our data demonstrate that Lys 106 /Lys 107 on ATF5 is the primary SUMOylation acceptor site for SUMO2/3.
ATF5 SUMOylation is cell cycle-dependent
Because ATF5 functions in a cell cycle-dependent manner (12), we wished to determine whether ATF5 SUMOylation 
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takes place during specific phase(s) of the cell cycle. HeLa cells co-transfected with HA-SUMO3 and vectors expressing GFP or GFP-ATF5 were synchronized at defined cell cycle phases by release from double thymidine blockade (DTB), and the level of ATF5 SUMOylation was assessed by immunoblotting GFP immunoprecipitates with an antibody against HA. This experiment showed that ATF5 SUMOylation is much elevated at G 1 phase and almost undetectable at the G 2 /M phase ( Fig. 3A ). Immunoblotting with a pan-SUMO antibody of ATF5 immunoprecipitates obtained from DTB-released HeLa cells also showed that the endogenous ATF5 is conjugated with SUMO in G 1 and S phases but not in G 2 /M phase (Fig. 3B ). These data indicate that ATF5 is subject to cell cycle-dependent SUMOylation, with the highest and lowest levels of SUMOylation at G 1 and M phase, respectively.
SUMOylation of ATF5 blocks ATF5 interaction with centrosomal proteins
We have shown previously that ATF5 interacts with several centrosomal proteins, including pericentrin (PCNT) and GCP-2 and is present in the centrosome in a cell cycle-dependent manner (12) . Consistent with this, we found that increasing the amount of PCNT and GCP2 was associated with ATF5 in HeLa cells from G 1 to early M phase, and the association became undetectable at anaphase, when ATF5 SUMOylation suddenly increases ( Fig. 4A ). Furthermore, we found that both WT ATF5 and ATF5(148 -281) associated with a PCNT truncation, PCNT(1341-1920) (12) , in co-transfection assays, indicating that the ATF5 C-terminal region interacts with PCNT ( Fig. 4B ). To determine whether ATF5 SUMOylation affects ATF5 interaction with PCNT, we co-transfected GFP-ATF5 Figure 3 . ATF5 SUMOylation is cell cycle-dependent. A, SUMOylation of transfected ATF5 was monitored in synchronized HeLa cells. HeLa cells transfected with the indicated DNA constructs were synchronized by DTB and release for the indicated hours. Immunoblotting (IB) and immunoprecipitation (IP) with the indicated antibodies were performed as in Fig. 1 . The arrowhead points to mono-SUMOylated GFP-ATF5 at 81 kDa. B, immunoblotting and immunoprecipitation were performed as in A, except that the indicated antibodies for endogenous ATF5 and SUMO were tested. A portion of the DTB-released cells from each time points (0, 6, 12, and 24 h) was stained with propidium iodine and analyzed by FACS to confirm cell cycle positions (bottom panel). The arrowhead points to mono-SUMOylated ATF5 at 55 kDa. Preimmune IgG (IgG) was used as control.
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with an empty vector or a vector expressing HA-SUMO3 into HeLa cells and assessed ATF5 interaction with PCNT by immunoprecipitation-immunoblot analysis. As shown in Fig.  4C , immunoblotting of GFP immunoprecipitate with an anti-PCNT antibody revealed that ATF5 SUMOylation blocked ATF5 interaction with PCNT ( Fig. 4C) . Similarly, immunoblotting of GFP immunoprecipitate with a GCP-2 antibody or immunoblotting of GCP-2 immunoprecipitate with a GFP antibody both showed that SUMO3 overexpression interrupted ATF5 interaction with GCP-2 ( Fig. 4D ). Additional proteinprotein association analyses demonstrated that SUMO3 overexpression reduced or blocked ATF5 interaction with GCP-4, EG5, and ␣-tubulin (data not shown). We therefore conclude that ATF5 SUMOylation interrupts ATF5 interaction with centrosomal proteins.
ATF5 SUMOylation removes ATF5 from the centrosome
We next examined whether ATF5 SUMOylation affects ATF5 localization to the centrosome. COS-7 ( Fig. 5A ) and HeLa (data not shown) cells were transfected with a DNA empty vector (control) or a vector expressing HA-SUMO3, and ATF5 localization at the centrosome was assessed by co-staining of ATF5 and ␥-tubulin, a centrosome marker, in transfected cells. About 37% of the vector-transfected cells displayed ATF5 localization at the centrosome, which is consistent with our previous observation (12) , whereas only 11% of the SUMO3transfected cells showed ATF5 colocalization with ␥-tubulin ( Fig. 5A ). ATF5 association with the centrosome under conditions of SUMOylation was further assessed by centrosome sedimentation analysis. Immunoblotting of samples from sucrose gradient sedimentation showed that both overexpressed and endogenous ATF5 co-sedimented with ␥-tubulin in large protein complexes corresponding to the centrosome frac-tions (12) . Co-expression of SUMO3 caused ATF5 to disappear from the centrosome even though the overall expression of ATF5 is consistently elevated (Fig. 5B and data not shown), possibly because of a reduction in ubiquitinationdependent protein degradation. Together, these data show that ATF5 SUMOylation results in ATF5 dissociation from the centrosome.
SUMOylation-defective ATF5 mutants are resistant to SUMOylation-driven ATF5 dissociation with PCNT and the centrosome
Our data showing that ATF5 SUMOylation disrupts ATF5 interaction with centrosomal proteins (Fig. 4 ) and drives ATF5 out of the centrosome (Fig. 5 ) raised the possibility that SUMOylation of ATF5 regulates ATF5 association with the centrosome. Based on our observation that ATF5 SUMOylation is undetectable during G 2 /M phase and reaches its peak level at G 1 phase of the cell cycle ( Fig. 3) , we hypothesized that ATF5 SUMOylation is required for completing the centrosome cycle by removing ATF5 from the centrosome at the end of G 2 /M phase. To test this hypothesis, we first determined the properties of the SUMOylation-defective ATF5 mutants ATF5(K106R/K107R) and ATF5(148 -281) with regard to their ability to interact with PCNT and their localization at the centrosome. HeLa cells were co-transfected with a vector expressing HA-SUMO3 and a vector expressing (at a low level) GFP-ATF5 or GFP-ATF5(K106R/K107). ATF5 interaction with PCNT and ATF5 localization at the centrosome were determined by immunoprecipitation and immunofluorescence microscopy, respectively. Immunoblotting of GFP immunoprecipitates showed that ATF5 interaction with PCNT and GCP-2 was disrupted when ATF5 was SUMOylated by overexpressed SUMO3 (Fig. 6A , compare the first lane with the second lane) , whereas the SUMOylation-defective ATF5(K106R/ K107R) interacted with PCNT and GCP-2 steadily irrespective of SUMO3 expression (Fig. 6A , compare the third lane with the fourth lane). ATF5 localization in the centrosome was determined by staining the transfected cells with GFP, ␥-tubulin, and DAPI. As shown in Fig. 6B , C (also compare with Fig. 5A ), SUMOylation-induced reduction in GFP-ATF5 localization at the M-phase centrosomes was significantly alleviated for the SUMOylation-defective GFP-ATF5(K106R/K107R). Similar results were obtained when ATF5(148 -281), which is centrosome-bound (12) and associated with PCNT (Fig. 4B) , and is also defective for SUMOylation (Fig. 2) , was tested (data not shown). These results show that blockade of ATF5 SUMOylation prevents ATF5 from SUMOylation-induced dissociation with PCNT and GCP-2 and from SUMOylation-driven ATF5 down-regulation at the centrosome.
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Interference with ATF5 SUMOylation deregulates the centrosome cycle and causes genomic instability and G 2 /M arrest in HeLa cells
To assess whether defect in ATF5 SUMOylation affects the centrosome cycle, we created a HeLa cell line in which endogenous ATF5 was replaced by GFP-ATF5(K106R/K107R). In this cell line, an shRNA targeting the endogenous ATF5 at the K106/K107 region was co-expressed with SUMOylation-defective GFP-ATF5(K106R/K107R) that is resistant to the shRNA (Fig. 7A, B) . The parental (HeLa) and SUMOylation-defective ATF5 cell line, HeLa-GFP-ATF5(K106R/K107R), were growing in growth media and immunostained with antibodies against ATF5 and ␥-tubulin, and counterstained with DAPI. As shown in Fig. 7 , C and E, and consistent with our previous report (12), we observed abrupt down-regulation of centrosomal ATF5 at the anaphase of the cell cycle following a steady 
Figure 6. A SUMOylation-defective ATF5 mutant is recalcitrant to SUMOylation-driven dissociation of ATF5 from PCNT and GCP-2 and from the centrosome.
A, interaction of PCNT and GCP-2 with wildtype ATF5 was disrupted upon SUMO3 overexpression, whereas that with SUMOylation-defective GFP-ATF5(K106R/K107R) was unaffected. Immunoblotting (IB) and immunoprecipitation (IP) with the indicated antibodies were performed as in Fig. 4 , except that the indicated DNA constructs were used in transfection of COS-7 cells. B and C, immunofluorescence staining and statistical analysis were performed as in Fig. 5A , except the indicated DNA constructs were transfected. *, p Ͻ 0.02.
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accumulation from the G 1 to M phase in HeLa cells. However, this anaphase down-regulation of centrosomal ATF5 was undetectable in the majority of the HeLa-GFP-ATF5(K106R/ K107R) cells (Fig. 7, D-F) . Thus, defective ATF5 SUMOylation specifically affects the timely ATF5 down-regulation in the centrosome that normally takes place at the end of M phase (12) . Consistent with the abnormalities known to be associated with a defective centrosome or the mitotic spindle, we found that, in comparison with the parental HeLa cells, the HeLa-GFP-ATF5(K106R/K107R) cells exhibited a 3-fold increase of the G 2 /M cell population, suggesting a retarded G 2 /M phase. More strikingly, we observed a 7-fold increase in genomic instability, as manifested by joined nuclei and microsatellites, and an 11-fold increase in post-mitotic arrested cells, which are smaller, round, mononuclear cells that appeared to be no longer growing after mitosis (Fig. 8, A and B) . Together, these results show that interference with ATF5 SUMOylation deregulates the centrosome cycle and causes genomic instability and G 2 /M arrest.
Discussion
Protein SUMOylation is known to regulate protein-protein interaction and their subcellular localization, modulating essential cellular processes, including genomic instability and cell cycle progression. We have shown previously that ATF5 is a PCM protein that forms the critical middle in the PGT-ATF5-PCNT tripartite between the PCM and the mother centriole (12) . We demonstrated here that ATF5 is SUMOylated at the end of mitosis and that ATF5 SUMOylation interrupts ATF5-PCNT interaction and promotes ATF5 disengagement from the centrosome at anaphase (Figs. 3-5 ). Although timely SUMOylation at anaphase is required for the completion of the centrosome cycle, a failure in ATF5 SUMOylation disrupts the dynamic cell cycle-dependent ATF5 cycling at the centro-some, causing excessive genomic instability and post-mitotic cell cycle arrest (Figs. 6 -8) .
Our data showed directly that ATF5 SUMOylation disrupts ATF5 interaction with PCNT and GCP2 and drives ATF5 away from the centrosome (Figs. 4 and 5 ). In addition, several lines of evidence seem to suggest that non-SUMOylated ATF5 is as specific and active in participation in cell cycle-dependent ATF5 regulation and that ATF5 SUMOylation, which occurs at the end of M phase, is the driver for such events. ATF5 accumulation at the centrosome starts from G 1 and reaches its peak at G 2 /M phase ( Fig. 7C and (12) ), which coincides with a pattern of ATF5 SUMOylation in the cell that is high at G 1 and undetectable at G 2 /M phase (Fig. 3) . SUMOylated ATF5 does not interact with centrosomal proteins and cannot be incorporated into the centrosome (Figs. 4 and 5) . SUMOylation-defective ATF5 mutants, ATF5(148 -281) (12) and ATF5(K106R/ K107R), interact with PCNT similarly as wildtype ATF5, if not stronger (Figs. 4B and 6A) , and both are accumulated at the centrosome as the wildtype ATF5 (ATF5(148 -281) in Ref. 12 and ATF5(K106R/K107R) in Fig. 7) . Wildtype ATF5 is sensitive, whereas SUMOylation-defective ATF5 mutants are resistant, to SUMOylation-promoted ATF5 loss from the centrosome ( Figs. 5 and 6B ). Replacement of wildtype ATF5 with a SUMOylation-defective ATF5 mutant in HeLa cells blocks anaphase down-regulation of ATF5 at the centrosome (Fig. 7) . Not coincidentally, we observed that co-expression of ATF5 with de-SUMOylases, SENP2 and PIAS1, reverses most of the phenotypes caused by ATF5 SUMOylation (data not shown). Based on these analyses, we propose that ATF5 SUMOylation is a key regulatory mechanism that controls the centrosome cycle. Thus, the ATF5 centrosome cycle can be viewed from a novel perspective with regard to ATF5 SUMOylation status. Non-SUMOylated ATF5 accumulates at the centrosome from G 1 to 
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M phase, which forms the linchpin between the mother centriole and the PCM. ATF5 SUMOylation accelerates suddenly at the end of M phase, resulting in disruption of the interaction between ATF5 and PCNT and the precipitous loss of ATF5 at the centrosome. Therefore, both the timely ATF5 SUMOylation and de-SUMOylation are critical for the proper regulation of ATF5 at the centrosome.
The conserved SUMOylation site in ATF5 from human, rat, mouse, and frog ( Fig. 2A) suggests that ATF5 SUMOylation has an essential function. Although we currently do not know whether ATF5 SUMOylation also modulates its other functions, such as transcription potential, we did observe that SUMOylation affects ATF5 association with the mitotic chromosomes and enrichment in the G 1 nucleus (data not shown). With the centrosome-related defects in genomic instability and postmitotic cell cycle arrest reported here, it is anticipated that further investigation of ATF5 SUMOylation may lead to additional novel findings involving roles of ATF5 in several human diseases, such as cancer and various neurodisorders.
Experimental procedures
DNA constructs and site-specific mutagenesis
The DNA constructs expressing ATF5 full-length, ATF5(1-100), ATF5(101-207), ATF5(148 -281), ATF5(208 -281), and ATF5(K29R) have been described previously (8, 12, 24, 25) . ATF5(K106R/K107R), ATF5(⌬K212/213), and ATF5(K106R/ K107R;⌬K212/213) were created using GFP-ATF5 as template and a QuikChange site-directed mutagenesis kit (Stratagene) as described previously (9) . Primers and reaction conditions for the generation of these mutants are available upon request. pcDNA3-HA-SUMO1, pcDNA3-HA-SUMO2, and pcDNA3-HA-SUMO3 were generous gifts from Dr. J. A. Iniguez-Lluhi (26). All PCR-generated genes were verified by DNA sequencing.
Cells and transfection
HeLa, MCF-7, HepG2, COS-7, and IMR-90 were purchased from the AATC. HeLa-GFP-ATF5(K106R/K107R) was created by stable transfection of HeLa cells with a DNA construct expressing shRNA that targets endogenous ATF5 at the Lys 106 / Lys 107 region and a DNA construct expressing SUMOylationdefective GFP-ATF5(K106R/K107R), which is resistant to the siRNA. All cells were maintained in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum (Atlanta Biologicals). All culturing media contained 100 g/ml streptomycin and 100 international units/ml penicillin. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer or using polyethyleneimine (1 g/ml) with a ratio of 1:3 to DNA and a similar procedure. Transfection of control siRNA (si-37007) and siRNAs against SUMO1 (sc-29498), 2 (sc-41081), 3 (41083), and 2/3 (sc-37167) were made using siRNA transfection reagent (sc-29528) and siRNA transfection medium (sc-36868), all from Santa Cruz Biotechnology.
Antibodies
The uses and sources of antibodies against ATF5, GFP, GCP-2, GCP-4, HA, and ␥-tubulin have been described previously (12) . Antibodies against pan-SUMO and SUMO2/3 were obtained from Abgent (AP1290a) and Santa Cruz Biotechnology (sc-32873), respectively. Antibodies against cyclin B and cyclin E were from Abcam (ab72) and Santa Cruz Biotechnology (sc-247), respectively.
Immunoblotting, immunoprecipitation, and immunofluorescence microscopy
These were performed as described previously (8, 12, 24, 25) .
DTB
Exponentially growing cells were treated with thymidine (2 mM) for 16 h at 37°C, washed three times with PBS, and refed with normal growth medium for 8 h at 37°C. The cells were treated again with thymidine (2 mM) for 16 h, washed three times with PBS, and returned to normal growth medium at the indicated time points to obtain synchronized cells at G 1 and G 2 /M phases.
FACS
HeLa cells were synchronized by DTB, released into Dulbecco's modified Eagle's medium, and harvested during the SUMOylation controls ATF5 function at the centrosome second S/G 2 /M cycle. A portion of cells was stained with propidium iodide and analyzed by FACS as described previously (27).
Centrosome sedimentation analysis
This was done according to Bornens et al. (28) . Briefly, confluent cells were incubated at 37°C for 2 h with 2 mg/ml final concentration of nocodazole (Sigma) and successively washed with ice-cold PBS, 8% sucrose in 0.1% PBS, and 8% sucrose in H20. Cells were then lysed with buffer A (50 mM Tris (pH 7.4), 80 mM NaCl, 25 mM EDTA (pH 8.0), and 1% Triton X-100) plus protease inhibitor for 10 min on ice with vigorous rotation. After incubation overnight at 4°C, the lysate was sonicated for 10 strokes at low output with a microtip and subjected to two passages through a 23-gauge needle and one filtration through a 40-m nylon mesh (BD Falcon). The filtrate was cleared by centrifugation at 2500 ϫ g for 10 min, and the supernatant was laid on top of a 3.5-ml 60% sucrose cushion and subjected to centrifugation at 10,000 ϫ g for 30 min. The 60% sucrose fraction containing centrosomes was recovered and diluted to 20% to 25% with distilled water (with 3 M NaCl to make a final NaCl concentration at 0.5 M for the preparation of stripped centrosomes), which was then added on top of a discontinuous sucrose gradient (from the bottom to the top, containing 1.7, 1, and 1 ml of 70%, 50%, and 40% sucrose solutions, respectively) in a 13-ml SW28 Beckman ultraclear tube. After centrifugation at 40,000 g for 1 h, 18 fractions (170 l each) were collected, starting from the bottom of the gradient. The fractions were frozen in liquid nitrogen and then stored at Ϫ80°C for future use.
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